STUDY QUESTION: Does the deletion of adipose triglyceride lipase (Atgl) gene impair male fertility?
Introduction
Cholesterol and lipid homeostasis is important for male and female fecundity (Simons and Ikonen, 2000; Yokoyama, 2000; Parton and Hancock, 2004; Wathes et al., 2007; El-Hajjaji et al., 2011; Maqdasy et al., 2013) . Ramiez-Torres and colleagues reported that 65% of infertile men show hypercholesterolemia and/or triglyceridemia (Ramirez-Torres et al., 2000) . However, Lu and colleagues reported no correlation between sperm concentration and serum total cholesterol (T-Cho) or triglyceride (TG) in humans (Lu et al., 2016) . Rabbit and mouse studies show that a high fat diet reduces sperm motility but causes no significant difference in sperm concentration (Saez Lancellotti et al., 2010; Fan et al., 2015) . In a rat study, a high fat diet reduced both sperm concentration and sperm motility (Shalaby et al., 2004) . These data suggest that cholesterol and lipid homeostasis may be important for male fertility in animals as well as humans. However, the mechanism is not fully understood yet and it could possibly be regulated locally in the male reproductive system. Intracellular lipolysis consists of three steps. Adipose triglyceride lipase (ATGL), a member of the patatin-like phospholipase domaincontaining protein family, is one of the important enzymes in lipolysis and it specifically hydrolyses long-chain fatty acid TG to diacylglycerol (DG), which is the first step of lipolysis (Zimmermann et al., 2004) . ATGL is mainly expressed in adipose tissue but is also expressed in other tissues including cardiac muscle, skeletal muscle and testes . Atgl-deficient Atgl(−/−) mice show a massive accumulation of neutral lipid in most tissues and suffer from premature death due to severe cardiac steatosis and dysfunction after the age of 12 weeks . The deletion of the Atgl gene leads to approximately 11 times more TG in testes compared to wild-type mice, although in cardiac muscle the difference is approximately 21-fold . Although the testis is a major tissue with strong Atgl expression, the role of ATGL in it is unknown.
In our experiments, Atgl(−/−) male mice did not generate offspring even though intercourse was observed (Nakamura et al., unpublished data). On the other hand, Atgl(+/−) male mice generated all types of offspring in normal sex ratios [885/2068 (42.8%) with wild-type females, 1018/2068 (49.2%) with Atgl(+/−) females and 165/2068 (8%) with Atgl(−/−) females, male:female = 1029:1039]. This means that despite both Atgl(+/−) and Atgl(−/−) male mice having Atgl-deficient sperm, only the Atgl-deficient sperm from the Atgl(+/−) environment could generate offspring. This fact raises the following questions: (i) does the deletion of Atgl gene actually impair male fertility and if so, (ii) is it a reversible impairment?
In this study, we first investigated the effect of deletion of Atgl gene on male fertility then we investigated whether a medium-chain triglycerides (MCTs) replacement diet could reverse the effect of deletion of Atgl gene on male fertility.
Materials and Methods

Animals
Atgl-deficient mice were kindly provided by Prof. Dr. Rudolf Zechner (Institute of Molecular Biosciences, University of Graz, Austria) (Zimmermann et al., 2004) . Atgl-deficient mice were generated by targeted homologous recombination as described (Zimmermann et al., 2004) with the background strain for more than 10 generations. Atgl(+/−) mice were used to generate Atgl(−/−) mice. Genotyping was performed by PCR using genomic DNA ( Supplementary Fig. 1 ).
At 5 weeks of age, Atgl(−/−) male mice were divided in two groups (n = 22) and fed with a MCT diet or a standard diet including long-chain triglycerides (LCTs) as a control group. MCT oil was purchased from The Nisshin Oillio Group, Ltd. (Tokyo, Japan) and each diet was made by the Oriental Yeast Co., Ltd. (Tokyo, Japan). The dietary composition is described in Table I . At 10 weeks of age blood and tissue samples were collected.
The animals were maintained under controlled conditions (temperature, 23 ± 1.5°C; relative humidity, 45 ± 15%; 12 times of 100% fresh air changes/hour; maximum ammonia concentration, 20 ppm). The light cycle was 12/12 h: lights were turned off at 20:00 h and turned on at 08:00 h (fluorescent lighting 150-300 Lux at 40-85 cm above floor). Ethical reviews were undertaken by the Animal Ethics Committees of Osaka University Graduate School of Medicine. All experiments were performed according to the appropriate guidelines for animal use approved by the Institutional Animal Care and Use Committee of Osaka University Graduate School of Medicine and the Genetic Modification Experiments Safety Committee in Osaka University (Permit Number 3333).
Blood sugar, plasma lipids and testosterone levels
Blood sugar (BS) levels were measured using a Medisafe FIT ® self-noninvasive measurement kit (Terumo, Tokyo, Japan). Plasma T-Cho, TGs and non-esterified fatty acid (NEFA) levels were measured by the Oriental Yeast life science laboratory (Shiga, Japan). Plasma testosterone levels were measured using a testosterone ELISA kit (R&D Systems, Inc., MN, USA) according to the manufacturer's protocol.
Sperm analysis
Cauda epididymides were removed and each was minced in 300 μl of modified human tubal fluid medium (SAGE In-Vitro Fertilization Inc., CT, USA) at room temperature and then incubated at 37°C for 10 min. The epididymal total sperm concentration and motile sperm concentration were assessed using a Makler ® counting chamber. The sperm viability was analyzed using a LIVE/DEAD ® sperm viability kit (Molecular Probes Inc., Eugene, OR, USA) according to the manufacturer's instructions.
Histological analysis
Testes were removed and fixed in 10% formaldehyde for hematoxylin and eosin staining or embedded in Tissue-Tec ® O.C.T.™ compound (Sakura Finetechnical Co., Ltd., Tokyo, Japan) for frozen tissue sections. For Oil Red O staining, 5 μm frozen sections were incubated in freshly prepared Oil Red O staining solution (Sigma-Aldrich, MO, USA) at 37°C for 15 min after washing with 60% (v/v) isopropyl alcohol for 1 min. After washing with 60% (v/v) isopropyl alcohol again, the slides were counter-stained lightly using hematoxylin solution. For quantitative analysis, Oil Red O staining positive vacuoles was measured per 1 mm 2 area. To prevent bias, blind analysis was performed by E.K.
Seminal vesicle fructose level
Both seminal vesicles from each male were collected and tissue weight measured. The fructose level was assessed by the resorcinol method (Mann, 1948; Lu et al., 2007) . The seminal vesicle was homogenized in 500 μl of 10% trichloroacetic acid. After centrifugation at 12 000 g for 5 min at 4°C, 0.2 ml of the supernatant was mixed with 0.8 ml of resorcinol solution (30% hydrochloric acid with 0.1 g resorcin and 0.25 g thiourea in 100 ml glacial acetic acid). After incubation at 80°C for 10 min, the supernatant was put on ice to stop the reaction. The absorbance values were read at 520 nm against blank. The total fructose amount per milligram tissue was analyzed.
In vitro fertilization
Female wild-type mice were superovulated at 7-8 weeks old with 5 IU intraperitoneal injections of gonadotropin from pregnant mare's serum (PMSG, Sigma-Aldrich, MO, USA) and human chorionic gonadotropin (hCG, Sigma-Aldrich, MO, USA) in a 48 h interval. Oocytes were collected from the oviduct at 12.5 to 14 h after hCG injection. At 13.5 to 15 h after hCG injection, oocytes in 100 μl of KSOM medium (ARK Resource Co. Ltd., Kumamoto, Japan) were inseminated with 4 × 10 5 /ml sperm after 1.5 h incubation for sperm capacitation at 37°C in 5% CO 2 . The fertilization rate was analyzed as the number of two-pronuclear zygotes per inseminated oocytes. The percentage of blastocyst development was assessed as the number of blastocysts per the number of two-pronuclear zygotes.
Statistical analysis
The data were analyzed using SigmaPlot ® software 10.01 (Systat Software, Inc., San Jose, CA, USA). Data were analyzed by Student's t-test or the Mann-Whitney U test with Shapiro-Wilk Normality test, and differences with a P value <0.05 were considered significant.
Results
Effect of Atgl gene deletion on male reproduction
Atgl(+/−) mice were fertile, but no female Atgl(+/−) mice mated to Atgl(−/−) males became pregnant even though intercourse was observed. The histological analysis showed numerous vacuoles in seminiferous epithelia in Atgl(−/−) testis (Fig. 1B ), but not in Atgl(+/−) mice testis (Fig. 1A) . These vacuoles were Oil Red O staining positive (Fig. 1C) . Testosterone levels were not significantly different in the three groups (Fig. 1D ). The total epididymal sperm concentration (×10 6 /ml) from Atgl(+/−) mice (n = 4, 30.8 ± 11.1, mean ± SD) was not significantly different from that of wild-type mice (n = 4, 28.5 ± 7.4) (Fig. 1E) . However, the total epididymal sperm concentration from Atgl(−/−) mice (n = 4, 8.4 ± 5.3) was significantly decreased compared to the wild-type mice (Student's t-test, P < 0.001) and Atgl(+/−) mice (P < 0.001). These results suggest that Atgl gene deletion leads to TG deposits in seminiferous epithelia which might impair spermatogenesis. The motile sperm concentrations (×10 6 /ml) in Atgl(+/−) and Atgl(+/+) mice were similar (13.7 ± 5.4 in Atgl(+/−) vs. 13.4 ± 4.4 in Atgl(+/+), Student's t-test, P = 0.931) (Fig. 1F) . The motile sperm concentration in Atgl(−/−) mice was significantly decreased (1.5 ± 1.1 × 10 6 /ml) compared to Atgl(+/−) (P < 0.001) and Atgl(+/+) mice (P < 0.001).
Effect of MCT replacement diet on plasma lipid metabolism in Atgl(−/−) male mice Atgl(−/−) mice cannot hydrolyse long-chain fatty acid TG. The LCTs were replaced in MCT as described in Table I . Atgl(−/−) mice were fed with MCT, or a standard diet including LCT in a control group, from 5 weeks of age for 6 weeks. The food intake per day was similar in both groups. At 10 weeks of age, body weights (23.4 ± 1.6 g in the control group vs. 25.0 ± 2.1 g in MCT group, Fig. 2A ), BS levels (131.5 ± 44.9 mg/dl in the control group vs. 144.7 ± 42.9 mg/dl in the MCT group, Fig. 2B ), plasma T-Cho levels (73.7 ± 34.1 mg/dl in the control group vs. 95.2 ± 35.5 mg/dl in the MCT group, Fig. 2C ) and plasma TG levels (40.7 ± 11.4 mg/dl in the control group vs. 55.3 ± 23.0 mg/dl in the MCT group, Fig. 2D) were not significantly different between the two groups. However, the MCT diet significantly increased the plasma level of NEFA (319.0 ± 49.0 μEq/l, Student's t-test, P = 0.005, Fig. 2E ) compared to the control group (212.0 ± 29.9 μEq/l). Vitamin mix #AIN-93VX 10 10
Choline bitartrate 2.5 2.5
Total kcal/kg was the same in both diets.
Effect of MCT replacement diet on spermatogenesis
To investigate whether TG deposits in testes lead to impairment of spermatogenesis, the effect of the MCT replacement diet on spermatogenesis in Atgl(−/−) mice was analyzed. The number of Oil Red O stain positive vacuoles per 1 mm 2 in the MCT group (477.8 ± 129.2) was significantly decreased compared to the control group (784.7 ± 231.1, Student's t-test, P < 0.001, Fig. 3A ). The MCT replacement diet significantly increased testis tissue weight (56.46 ± 10.57 mg in the control group vs. 64.38 ± 6.73 mg in the MCT group, Mann-Whitney U test, P = 0.012, Fig. 3B ). The total epididymal sperm concentration (×10 6 /ml) was also significantly improved by the MCT replacement diet (8.4 ± 5.3 in the control group vs. 12.6 ± 5.1 in the MCT group, Student's t-test, P = 0.011, Fig. 3C ). However, there was no change in the testosterone Figure 1 Effect of deletion of Atgl gene in the male reproductive system. Hematoxylin and eosin staining of testes from 10-week-old heterozygous Atgl(+/−) (A) and homozygous Atgl-deficient Atgl(−/−) mice (B). Oil Red O staining of testis from Atgl(−/−) mice (C). Box plots show testosterone levels (D), total sperm concentrations (E) and motile sperm concentrations (F) from cauda epididymides in wild-type (open box), Atgl(+/−) (gray box) and Atgl(−/−) (black box) mice. The horizontal line within the box shows the median and the dotted line within the horizontal box shows the mean value (n = 4). Data were evaluated by the Shapiro-Wilk Normality test and Student's t-test (*P < 0.001). Scale bar = 100 μm. level (3.2 ± 1.3 in the control group vs. 3.5 ± 1.8 in the MCT group, Student's t-test, P = 0.831, Fig. 3D ). These results suggest that Atgl gene deletion leads to TG deposits in seminiferous epithelia and impairs spermatogenesis.
Effect of MCT replacement diet on sperm maturation in epididymis
After spermatozoa leave testicular seminiferous tubules, the sperm undergo a maturation process, to acquire the ability to move forward and for fertility, in the epididymis (Machtinger et al., 2016) . The caput epididymis and corpus epididymis are responsible for sperm maturation, while the cauda epididymis acts as a sperm reservoir (Sullivan et al., 2005; Sullivan and Saez, 2013) . The MCT replacement diet increased the epididymal total motile sperm concentration (1.5 ± 1.1 in the control group vs. 3.2 ± 1.7 in the MCT group, Mann-Whitney U test, P < 0.001, Fig. 4A ) and especially the progressively motile sperm concentration (0.7 ± 0.6 in the control group vs. 1.9 ± 1.2 in the MCT group, Student's t-test, P = 0.003, Fig. 4B ). The percentages of SYBR 14 dye positive sperm in both groups were similar (96.6 ± 2.5 Figure 2 Effect of the medium-chain triglycerides (MCTs) replacement diet on plasma lipid metabolism in homozygous Atgl-deficient Atgl(−/−) male mice. Box plots show the body weights (A), blood sugar (BS) levels (B), plasma total cholesterol (T-Cho) levels (C), plasma triglyceride levels (D) and non-esterified fatty acid (NEFA) levels (E) in the standard diet including long-chain triglycerides (LCTs) (black box) or the MCT replacement diet (dot pattern box) groups. The horizontal line within the box shows the median and the dotted line within the horizontal box shows the mean value (n = 11). Data were evaluated by the Shapiro-Wilk Normality test and Student's t-test (*P < 0.005).
in the control group vs. 96.6 ± 1.7 in the MCT group, Mann-Whitney U test, P = 0.631, Fig. 4C ). Fructose is secreted from the seminal vesicles and the accessory sex glands and is essential for sperm metabolism, survival and motility as an energy source (Schoenfeld et al., 1979) . There was no significant difference in the seminal vesicle fructose levels (mg/g tissue) between the MCT group (7.4 ± 2.5) and the control group (6.2 ± 0.8, Mann-Whitney U test, P = 0.215, Fig. 4D ).
Although the MCT replacement diet improved spermatogenesis and sperm motility in Atgl(−/−) mice, no female mice mated to male Atgl(−/−) in the MCT group became pregnant even though vaginal plugs were observed. When the same numbers of sperm from each group were used for in vitro fertilization, the fertilization rate per inseminated oocyte was not significantly different between the two diet groups (54.7 ± 24.2% in the control group, 51.8 ± 19.7% in the MCT group, Fig. 5A ). However, the fertilization rates in both the standard and MCT replacement diet groups in Atgl(−/−) mice were significantly lower than in wild-type mice (96.2 ± 4.1%, Student's t-test, P < 0.01, Fig. 5A ). There was no significant difference in the percentage of blastocyst development per two-pronuclear zygotes between the MCT replacement diet Atgl(−/−) mice (83.9 ± 11.3%) and wild-type mice groups (95.7 ± 3.2%, Student's t-test, P = 0.097, Fig. 5B ) and between the MCT and standard diet groups (83.2 ± 9.8%) in Atgl(−/−) mice (Student's t-test, P = 0.924).
Discussion
The present study shows that the deletion of Atgl gene induced accumulation of Oil Red O positively stained vacuoles in testes and impaired spermatogenesis. The deletion of the Atgl gene impaired not only spermatogenesis but alsomaturation of the sperm in the epididymis where they acquire the ability to move forward, but it did not affect sperm survival. The 6-week-MCT replacement diet did not change body weight, BS, plasma T-Cho and plasma TG levels, but significantly increased NEFA, consistent with Haemmerle and colleagues reporting that deletion of Atgl gene did not affect the plasma TG level, but reduced the plasma NEFA in fed status . In the male reproductive system, the MCT replacement diet decreased the number of Oil Red O positively stained vacuoles in testes and it improved spermatogenesis regardless of the fact that there was no change to the serum testosterone level. In the epididymis, where spermatozoa maturation processes occur, the MCT diet significantly increased total motility and progressively motile sperm , the total cauda epididymal sperm concentrations (C) and plasma testosterone levels (D) with the standard diet including LCTs (black box) or the MCT replacement diet (dot pattern box) groups. The horizontal line within the box shows the median and the dotted line within the horizontal box shows the mean value (n = 11). Data were evaluated by the Shapiro-Wilk Normality test and Student's t-test (*P < 0.001, **P < 0.05) or Mann-Whitney U test (***P < 0.05).
concentrations. These results suggest that the deletion of Atgl gene impairs male fertility which is partly reversible. Atgl-deficient mice showed increase glucose tolerance, insulin sensitivity and respiratory quotient Coelho et al., 2015) . This suggests that the decreased availability of NEFAs promotes the use of glucose as metabolic fuel despite the presence of massive amounts of fat in adipose tissue and other peripheral tissues . The MCT replacement diet significantly increased plasma NEFA levels (1.5-fold), but there was no significant difference between the seminal vesicle fructose levels in the diet and control groups.
Hormone sensitive lipase (HSL, gene designation Lipe, E.C.3.1.1.3.) is the enzyme responsible for the second step of intracellular lipolysis as it converts DGs into monoacylglycerols. ATGL and HSL account for 90% of TG hydrolysis in adipose tissue (Schweiger et al., 2006) . Hsldeficient male mice have been shown to have significantly smaller testes (−33%) at between 9 and 14 weeks old and infertility (Osuga et al., 2000) . None of the female mice mated to male Hsl(−/−) became pregnant even though vaginal plugs were observed (Osuga et al., 2000; Hermo et al., 2008) . The epididymal sperm count (−42%), percentage of motile (−85%) and percentage of progressively motile sperm (−97%) in Hsl-deficient mice are significantly decreased compared to wild-type mice (Hermo et al., 2008) . On the other hand, Haemmerle and colleagues reported that male and female Atgl(−/−) mice were fertile . However, in their study Atgl(+/−) mice were used to generate Atgl(−/−) mice as reported in another study (Coelho et al., 2015) . In our study, mice that were had the same gene targeted were used and pregnant female Atgl(−/−) mice were observed after mating with male wild-type mice although the longitudinal vaginal septum was observed in 14.3% of them. However, there were no pregnant wild-type mice observed after mating with male Atgl(−/−) mice, even though the vaginal plugs were observed after mating. After in vitro fertilization using sperm from Atgl(−/−) mice, two-pronuclear zygotes and blastocysts were observed but the fertilization rate was significantly lower than in the wild-type pair. This could be because the deletion of Atgl gene significantly decreased motile sperm concentrations (by 89%, Fig. 1F ). The deletion of Atgl gene is unlikely to impair the sperm functions required for fertilization. Unfortunately, there were also no pregnant mice observed after mating with male Atgl(−/−) mice in the MCT replacement diet group. However the MCT replacement diet did improve sperm motility (by 2.1-fold, Fig. 4A ), although it was still significantly lower Figure 4 Effect of the MCT replacement diet on sperm motility and survival. Box plots show the total motile sperm (A) and progressively motile sperm (B) concentrations in cauda epididymis, the percentage of SYBR 14 dye positive sperm (C) and total seminal vesicle fructose levels per tissue weight (D) in the standard diet including LCTs (black box) or the MCT replacement diet (dot pattern box) groups. The horizontal line within the box shows the median and the dotted line within the horizontal box shows the mean value (n = 11). Data were evaluated by the Shapiro-Wilk Normality test and Mann-Whitney U test (*P < 0.001) or Student's t-test (**P < 0.05).
(by 76%) than in Atgl(+/+) or Atgl(+/−) and there was no improvement in the fertilization rate in Atgl(−/−) mice. This suggests that the infertility in male Atgl(−/−) mice observed in our study could be caused at least partially by low numbers of progressively motile sperm, similar to that seen in Hsl-deficient mice.
Hsl-deficient mice are lean (Osuga et al., 2000) , whereas Atgl-deficient mice were heavier than wild-type mice , and they can still efficiently mobilize NEFAs from TGs (Osuga et al., 2000; Haemmerle et al., 2002) . This suggests that other TG hydrolases play an important role .
Adipose tissue in mammals is the main tissue which contributes to the dynamic equilibrium of lipid synthesis and lipid catabolism. However, local TG metabolism in testes could have an important role in male reproduction. Disruptions of the equilibrium of lipid synthesis and lipid catabolism underlie metabolic diseases. It is reported that the risk of infertility in obese men (body mass index > 30) is three times higher than in other groups (Reis and Dias, 2012) .
This study suggests that the disruptions of local TG metabolism in the male reproductive system could affect spermatogenesis and sperm motility in men. The MCT replacement diet might be an effective therapy for idiopathic non-obstructive oligozoospermia or asthenozoospermia in men with a low level of serum NEFA.
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